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The production of large pT dileptons and photons originating from photoproduction processes in
p-p collisions at Large Hadron Collider energies is calculated. The comparisons between the exact
treatment results and the ones of the equivalent photon approximation approach are expressed as
theQ2 (the virtuality of photon) and pT distributions. The method developed by Martin and Ryskin
is used for avoiding double counting when the coherent and incoherent contributions are considered
simultaneously. The numerical results indicate that, the equivalent photon approximation is only
effective in small Q2 region and can be used for coherent photoproduction processes with proper
choice of Q2max ( the choices Q
2
max ∼ sˆ or ∞ will cause obvious errors), but can not be used for
incoherent photoproduction processes. The exact treatment is needed to deal accurately with the
photoproduction of large pT dileptons and photons.
PACS numbers: 25.75.Cj, 25.20.Lj, 12.39.St, 12.38.Mh
I. INTRODUCTION
Since its conveniences and simplicity, the equivalent
photon approximation (EPA) , which can be traced to
early work by Fermi, Weizsa¨cker and Williams (1934),
and Landau and Lifshitz (1934), has been widely used
for the approximate calculation of the various processes
in relativistic heavy ion collisions [1–7]. By treating the
moving electromagnetic fields of charged particles as a
flux of real photons, many topics are studied such as
photoproduction mechanism, particle and particle pairs
production, meson production in electron-nucleon colli-
sions, two-photon particle production mechanism, the de-
termining of the nuclear parton distributions, and small
x physics [8–18]. The accuracy of the EPA is denoted by
a dynamical cut-off Λ2γ of the photon virtuality Q
2. At
Q2 < Λ2γ , photo-absorption cross sections differ slightly
from their values on the mass shell and quickly decrease
at Q2 > Λ2γ . Thus, the EPA approach is a reasonable ap-
proximation comparing with the exact treatment which
returns to the EPA approach when Q2 → 0, and is used
precisely for the description of the cross sections only at
the kinematics domain Q2 < Λ2γ [18–21]. However, the
applicability range of EPA and of its accuracy are not
always considered in most works where Q2max is usually
set to be sˆ/4 (sˆ is the squared centre-of-mass (CM) frame
energy of the photo-absorption processes) or even infin-
ity, which will cause a large fictitious contribution from
the Q2 > Λ2γ domain [17]. On the other hand, the EPA
approach can not be used for the study of the incoherent
photon emission processes since the parton-quark model
is used which requires Q2 should be larger than ΛQCD,
and some statements in the previous studies [9–14] are
actually inaccurate.
Hadronic processes for producing large transverse mo-
mentum (pT ) dileptons and photons are very important
in the research of relativistic p-p collisions. Since pho-
tons and dileptons do not participate in the strong inter-
actions directly, the photon or dilepton production can
test the predictions of perturbative quantum chromody-
namics (pQCD) calculations, and has long been proposed
as ideal probes of the strong interacting matter (quark-
gluon plasma, QGP) properties without the interference
of final-state interactions. In the present work, we ex-
tend the photoproduction mechanism which plays a fun-
damental role in the ep deep inelastic scattering at the
Hadron Electron Ring Accelerators [22–25] to the pro-
duction of large pT photons and dileptons in p-p collisions
at Large Hadron Collider (LHC) energies, which has been
investigated in most literatures in the EPA approach.
There are several motivations. Although the hard scat-
tering of initial partons (the annihilation and Compton
scattering of partons) is a dominant source of large pT
dileptons and photons in central collisions, the photo-
production processes also playing an interesting role at
LHC energies in which its corrections to the production
of dileptons and photons are non-negligible (especially
at the large pT domain) [11, 12]; The photoproduction
processes give the main contribution to the lepton pair
production cross section in the peripheral collisions (es-
pecially for the ultra-peripheral collisions); The EPA is
used as an important method in hadronic processes, its
validity is not obvious. Therefore, it is meaningful to
study the accuracy of EPA in photoproduction processes
and give the accurate corrections to the production of
dileptons and photons.
We present the comparisons between EPA approach
and exact treatment in which the photon radiated from
proton or its constituents is off mass shell and no
longer transversely polarized, and the minimum of pT
is chosen as pT min = 1 GeV for satisfying the re-
quirement of pQCD [11, 26]. There are two types of
photoproduction processes: direct photoproduction pro-
cesses (dir.pho) and resolved photoproduction processes
(res.pho) [11, 12]. In the first type, the high-energy pho-
2ton which are emitted from proton or the charged parton
of the incident proton interacts with the parton of an-
other incident proton by quark-photon Compton scatter-
ing. In the second type, the high-energy photon, which
can be regard as an extend object consisting of quarks
and gluons, fluctuates into a quark-antiquark pair for
a short time which then interacts with the parton of
another incident proton by quark-gluon Compton scat-
tering and quark-antiquark annihilation. Besides, it is
necessary to distinguish two kinds of photons emission
mechanisms [27, 28]: coherent emission in which virtual
photons are emitted coherently by the whole proton and
the proton remains intact after the photon radiated; in-
coherent emission in which virtual photons are emitted
incoherently by the individual constituents (quarks) of
proton and the proton will dissociate or excite after the
photon emitted. In most instances, these two kinds of
photon emission processes are performed simultaneously,
hence the square of the form factor F 21 (Q
2) is used as
coherent probability or weighting factor (WF) for recog-
nizing the coherent part from the whole interaction. In
Ref. [29], Martin and Ryskin have been used this method
to avoid the double counting in the calculation.
The paper is organized as follows. Section. II presents
the formalism of exact treatment for the photoproduction
of large pT dileptons and photons in p-p collisions. Based
on the method of Martin and Ryskin, the coherent and
incoherent contributions are considered simultaneously.
The EPA approach is also introduced by taking Q2 → 0.
In Section. III, the numerical results with the distribu-
tions of Q2 and pT at LHC energies are illustrated. Fi-
nally, the summary and conclusions are given in Section.
IV.
II. PHOTOPRODUCTION OF LARGE pT
DILEPTONS AND PHOTONS
Since photons and dileptons are the ideal probes in the
research of QGP, its production processes have received
many studies in EPA approach. Although the EPA has
been widely used as a convenient method for the approx-
imate calculation of Feynman diagrams for the collision
of fast charged particles [17], it’s applicability range is of-
ten ignored. Thus, the more precise calculations for the
cross sections are needed. We present the exact treat-
ment, which expand the proton or quark tensor (multi-
plied by Q−2) by using the transverse and longitudinal
polarization operators, for the photoproduction of large
pT dileptons and photons in p-p collisions. The formal-
ism is analogous with Refs. [28, 30] where the exact
treatment for the photoproduction of heavy quarkonia
are studied.
FIG. 1: The coherent direct photoproduction processes in
which the virtual photon emitted from the whole incident
proton A interacts with parton b of another incident proton B
via photon-quark Compton scattering, and A remains intact
after the photon emitted. A′ is the scattered proton A, b′ is
the scattered parton b, and X is the sum of residue of B after
photon emitted.
A. The Q2 distribution of Large pT dilepton
production
The large pT dileptons produced by direct photopro-
duction processes can be divided into the coherent direct
photoproduction processes (coh.dir) and incoherent di-
rect photoproduction processes (incoh.dir). For the case
of coh.dir (Fig. 1), the invariant cross section of large pT
dileptons with Q2 distribution is given by
dσcoh.dir(p+ p→ p+ l+l− +X)
dM2dQ2
= 2
∑
b
∫
dydxbdtˆfb/p(xb, µ
2
b)
dσ(p+ b→ p+ l+l− + b)
dM2dQ2dydtˆ
,
(1)
where xb = pb/PB is the parton’s momentum frac-
tion, fb/p(xb, µ
2
b) is the parton distribution function of
the proton B [31], and the factorized scale is chosen as
µb =
√
4p2T [11]. The cross section of the subprocess
p+ b→ p+ l+l− + b can be written as [28, 32]
dσ(p+ b→ p+ l+l− + b)
dM2dQ2dy
=
α
3piM2
√
1− 4m
2
l
M2
(1 +
2m2l
M2
)
dσ(p + b→ p+ γ∗ + b)
dQ2dy
=
α2
6pi2M2
√
1− 4m
2
l
M2
(1 +
2m2l
M2
)Tµν
yρµνcoh
Q2
×dPS2(q + pb; pc, pd)
2yxbsNN
, (2)
where Q2 = −q2, y = (q ·pb)/(PA ·pb), M is the invariant
mass of dileptons, ml is lepton mass, Tµν is the ampli-
tude of reaction γ∗ + b → γ∗ + b, sNN is the CM frame
energy square of the p-p collision, dPS2(q + pb; pc, pd) is
the Lorentz-invariant phase-space measure [30], the elec-
tromagnetic coupling constant is chosen as α = 1/137,
3FIG. 2: The incoherent direct photoproduction processes in
which virtual photon emitted from the parton a of incident
proton A interacts with parton b from proton B via the
photon-quark interaction, and A is allowed to break up af-
ter photon emitted. a denotes the parton of A, XA is the
residue of A after photon emitted.
and
ρµνcoh = (−gµν +
qµqν
q2
)H2(Q
2)
− (2PA − q)
µ(2PA − q)ν
q2
H1(Q
2), (3)
is the proton tensor (multiplied by Q−2), H1(Q
2) and
H2(Q
2) are the elastic form factors of proton.
Similarly, the invariant cross section of large pT dilep-
tons produced by incoh.dir (Fig. 2) with Q2 distribution
has the form
dσincoh.dir(p+ p→ XA + l+l− +X)
dM2dQ2
= 2
∑
a,b
∫
dydxadxbdtˆfa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
×dσ(a+ b→ a+ l
+l− + b)
dM2dQ2dydtˆ
, (4)
where xa = pa/PA is parton’s momentum fraction,
fa/p(xa, µ
2
a) is the parton distribution function of the pro-
ton A, µa =
√
4p2T . And the cross section of the partonic
processes a+ b→ a+ l+l− + b reads
dσ(a + b→ a+ l+l− + b)
dM2dQ2dy
=
α
3piM2
√
1− 4m
2
l
M2
(1 +
2m2l
M2
)
dσ(a + b→ a+ γ∗ + b)
dQ2dy
=
α2
6pi2M2
√
1− 4m
2
l
M2
(1 +
2m2l
M2
)Tµν
e2ayρ
µν
incoh
Q2
×dPS2(q + pb; pc, pd)
2yxaxbsNN
, (5)
where ea is the charge of massless quark a, y = (q·pb)/(pa·
pb) for the case of incoh.pho, and the massless quark
tensor (multiplied by Q−2) is
ρµνincoh = (−gµν +
qµqν
q2
)L2(Q
2)
− (2pa − q)
µ(2pa − q)ν
q2
L1(Q
2). (6)
In Martin-Ryskin method [29], the coherent probabil-
ity (WF) is given by the square of the form factor F 21 (Q
2).
Therefore,
H1(Q
2) = H2(Q
2) = F 21 (Q
2), (7)
where F1(Q
2) can be parameterized by the dipole form:
F1(Q
2) = (1 +Q2/0.71 GeV2)−2.
For the incoherent contribution, the ’remaining’ prob-
ability has to be considered for avoiding double counting,
and L1(Q
2), L2(Q
2) in Eq. (6) have the forms of
L1(Q
2) = L2(Q
2) = 1− F 21 (Q2). (8)
By using the linear combinations [17]
Qµ =
√
−q2
(q · pb)2 − q2p2b
(pb − q q · pb
q2
)µ,
Rµν = −gµν + 1
q · pb (q
µpνb + q
νpµb )−
q2
(q · pb)2 p
µ
b p
ν
b ,
(9)
ρµν can be written in the form
ρµν = ρ00QµQν + ρ++Rµν . (10)
Apparently, Rµν and QµQν are equivalent to transverse
and longitudinal polarization [30]: Rµν = εµνT , Q
µQν =
−εµνL . Thus, the cross section of subprocesses p + b →
p+ γ∗ + b can be expressed as [28]
d3σ(p+ b→ p+ γ∗ + b)
dydQ2dtˆ
=
α
2pi
[
yρ++coh
Q2
dσT (γ
∗ + b→ γ∗ + b)
dtˆ
+
yρ00coh
Q2
dσL(γ
∗ + b→ γ∗ + b)
dtˆ
], (11)
where
ρ++coh = F
2
1 (Q
2)[
1 + (1− y)2
y2
− 2m
2
p
Q2
]
ρ00coh = F
2
1 (Q
2)
4(1− y)
y2
, (12)
dσT /dtˆ and dσL/dtˆ represent the transverse and longi-
tudinal cross sections of subprocesses γ∗ + b → γ∗ + b
4respectively,
dσˆT (γ
∗ + b→ γ∗ + b)
dtˆ
=
4piα2e4bz
2
Q4
[− tˆ
sˆ
− sˆ
tˆ
−M2Q2( 1
sˆ2
+
1
tˆ2
)
+2(Q2 −M2) uˆ
sˆtˆ
] +
8piα2e4bz
2
Q4
Q2uˆ(tˆ−M2)2
tˆ2(sˆ+Q2)2
,
(13)
and
dσˆL(γ
∗ + b→ γ∗ + b)
dtˆ
=
8piα2e4bz
2
Q4
Q2uˆ(tˆ−M2)2
tˆ2(sˆ+Q2)2
, (14)
where z = Q2/(sˆ+Q2), eb is the charge of massless quark
b. The Mandelstam variables for subprocesses γ∗ + b→
γ∗ + b are defined as
sˆ = (q + pb)
2 =
M2
zq
+
p2T
zq(1− zq) ,
tˆ = (q − pc)2 = (zq − 1)yxbsNN ,
uˆ = (pb − pc)2 = M2 − zqyxbsNN , (15)
where zq = (pc · PB)/(q · PB) is the inelasticity variable,
pT is the transverse momentum in the γ
∗− b CM frame.
In the same way, we can write the cross section of the
incoherent subprocesses a+ b→ a+ γ∗ + b as
d3σ(a+ b→ a+ γ∗ + b)
dydQ2dtˆ
=
α
2pi
e2a[
yρ++incoh
Q2
dσT (γ
∗ + b→ γ∗ + b)
dtˆ
+
yρ00incoh
Q2
dσL(γ
∗ + b→ γ∗ + b)
dtˆ
], (16)
where
ρ++incoh = (1− F 21 (Q2))
1 + (1− y)2
y2
ρ00incoh = (1− F 21 (Q2))
4(1− y)
y2
, (17)
here we have sˆ = M2/zq + p
2
T /(zq − z2q ), tˆ = (zq −
1)yxaxbsNN and uˆ = M
2 − zqyxaxbsNN .
The resolved photoproduction processes are very im-
portant in the research of relativistic heavy ion collisions.
The resolved photoproduction processes can also be di-
vided into two categories: coherent resolved photopro-
duction processes (coh.res) and incoherent resolved pho-
toproduction processes (incoh.res). In the case of coh.res
(Fig. 3), the invariant cross section of large pT dileptons
with Q2 distribution is:
dσcoh.res(p+ p→ p+ l+l− +X)
dM2dQ2
= 2
∑
b
∑
a′
∫
dydxbdza′dtˆfb/p(xb, µ
2
b)fγ(za′ , µ
2
γ)
× α
2pi
yρ++coh
Q2
dσ(a′ + b→ γ∗ + b)
dM2dtˆ
, (18)
FIG. 3: The coherent resolved photoproduction processes in
which the incident proton A emits a high energy virtual pho-
ton, then the parton a′ of the resolved photon interacts with
the parton b of another incident proton B via the interac-
tions of quark-antiquark annihilation and quark-gluon Comp-
ton scattering, and the proton A remains intact after photon
emitted.
where za′ denotes the parton’s momentum fraction of
the resolved photon which are emitted from the proton
A, fγ(za′ , µ
2
γ) is the parton distribution function of the
resolved photon [33], µγ =
√
4p2T . The cross sections of
subprocesses a′ + b→ γ∗ + b are given by
dσˆ
dtˆ
(qq¯ → γ∗γ) = 2
3
piα2e4q
sˆ2γ
(
tˆγ
uˆγ
+
uˆγ
tˆγ
+
2M2sˆγ
uˆγ tˆγ
)
dσˆ
dtˆ
(qq¯ → γ∗g) = 8
9
piααse
2
q
sˆ2γ
(
tˆγ
uˆγ
+
uˆγ
tˆγ
+
2M2sˆγ
uˆγ tˆγ
)
dσˆ
dtˆ
(qg → γ∗q) = 1
3
piααse
2
q
sˆ2γ
(− tˆγ
sˆγ
− sˆγ
tˆγ
− 2M
2uˆγ
sˆγ tˆγ
).
(19)
where sˆγ = M
2/z′q + p
2
T /(z
′
q − z′2q ), tˆγ = (z′q − 1)sˆγ ,
and uˆγ = M
2 − z′qsˆγ are the Mandelstam variables for
the subprocesses of res.pho, z′q = (pc · pb)/(pa′ · pb) is
the inelasticity variable. The strong coupling constant is
taken as the one-loop form [34]
αs =
12pi
(33− 2nf) ln(µ2/Λ2) , (20)
with nf = 3 and Λ = 0.2 GeV.
The invariant cross section for large pT dileptons pro-
duced by incoh.res (Fig. 4) with Q2 distribution can be
presented as
dσincoh.res(p+ p→ XA + l+l− +X)
dM2dQ2
= 2
∑
a,b
∑
a′
∫
dydxadxbdza′dtˆfa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
×fγ(za′ , µ2γ)e2a
α
2pi
yρ++incoh
Q2
dσ(a′ + b→ γ∗ + b)
dM2dtˆ
, (21)
the cross sections of subprocesses a′ + b → γ∗ + b are
discussed in Eq. (19).
5FIG. 4: The incoherent resolved photoproduction processes in
which the parton a′ of the resolved photon radiated by parton
a of proton A interacts with the parton b from proton B via
the quark-antiquark annihilation and quark-gluon Compton
scattering, and A is allowed to break up after photon emitted.
B. The pT distribution of Large pT dileptons
production
It is straightforward to obtain the distribution of pT
by accordingly reordering and redefining the integration
variables in Eq. (1). For convenience, the Mandelstam
variables in Eq. (15) can be written in the form
sˆ = 2 cosh yrMT
√
cosh2 yrM2T −M2
+2 cosh2 yrM
2
T −M2,
tˆ =M2 −Q2 −
√
sˆMT e
−yr +
Q2√
sˆ
MT e
yr ,
uˆ =M2 −
√
sˆMT e
yr − Q
2
√
sˆ
MT e
yr , (22)
where yr = ln(cot θc/2) is the rapidity, θc is the CM
frame scattering angle,MT =
√
p2T +M
2 is the dileptons
transverse mass. By using the Jacobian determinant, the
variables xb and tˆ can be transformed into
dtˆdxb = | D(xb, tˆ)
D(pT , yr)
|dyrdp2T , (23)
where the Jacobian determinant is
| D(xb, tˆ)
D(pT , yr)
|
=
cosh yr
ysNN
√
cosh2 yrM2T −M2
[MT (2 cosh yr
+
2 cosh2 yrM
2
T −M2
MT
√
cosh2 yrM2T −M2
)(MT
√
sˆ−M2eyr)
×(e−2yr + Q
2
sˆ
) + sinh yr(sˆe
−yr +
Q2M2eyr
sˆ
)
×(2MT + 2 cosh
2 yrM
2
T −M2
cosh yr
√
cosh2 yrM2T −M2
)]. (24)
Thus, the invariant cross section of large pT dilep-
tons produced by coh.dir with pT distribution can be
expressed as
dσcoh.diryrc (p+ p→ p+ l+l− +X)
dM2dp2T dyr
= 2
∑
b
∫
dQ2dyfb/p(xb, µ
2
b)
sˆ
ysNNpT
(
√
sˆ+
Q2√
sˆ
)
×dσ(p+ b→ p+ l
+l− + b)
dM2dQ2dydtˆ
, (25)
where yrc represents that the cross section is calculated
at yr = 0, the cross section dσ(p + b → p + l+l− +
b)/(dM2dQ2dydtˆ) is discussed in Eq. (2) and Eq. (11).
In the case of incoh.dir, the invariant cross section for
large pT dileptons with pT distribution is given by
dσincoh.diryrc (p+ p→ XA + l+l− +X)
dM2dp2Tdyr
= 2
∑
a,b
∫
dQ2dydxafa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
× sˆ
yxasNNpT
(
√
sˆ+
Q2√
sˆ
)
dσ(a + b→ a+ l+l− + b)
dM2dQ2dydtˆ
,
(26)
the Mandelstam variables are the same as Eq. (22), the
cross section dσ(a+ b→ a+ l+l−+ b)/(dM2dQ2dydtˆ) is
discussed in Eq. (5) and Eq. (16).
For the case of coh.res, the variables tˆ and za′ can be
transformed into
dtˆγdza′ = |D(za
′ , tˆγ)
D(pT , yr)
|dyrdp2T , (27)
where the Jacobian determinant is
|D(za′ , tˆγ)
D(pT , yr)
|
=
cosh yr
yxbsNN
√
cosh2 yrM2T −M2
[e−2yrMT (2 cosh yr
+
2 cosh2 yrM
2
T −M2
MT
√
cosh2 yrM2T −M2
)(MT
√
sˆγ −M2eyr)
+sˆγe
−yr sinh yr(
2 cosh2 yrM
2
T −M2
cosh yr
√
cosh2 yrM2T −M2
+2MT )], (28)
the invariant cross section of large pT dileptons with pT
6distribution is given by
dσcoh.res.yrc (p+ p→ p+ l+l− +X)
dM2dp2Tdyr
= 2
∑
b
∑
a′
∫
dQ2dydxbfb/p(xb, µ
2
b)fγ(za′ , µ
2
γ)
× sˆ
3
2
γ
yxbsNNpT
α
2pi
yρ++coh
Q2
dσ(a′ + b→ l+l− + b)
dM2dtˆ
.
(29)
The invariant cross section of large pT dileptons pro-
duced by incoh.res with pT distribution can be written
as
dσincoh.res.yrc (p+ p→ XA + l+l− +X)
dM2dp2T dyr
= 2
∑
a,b
∑
a′
∫
dQ2dydxadxbfa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
×fγ(za′ , µ2γ)
sˆ
3
2
γ
yxaxbsNNpT
e2a
α
2pi
yρ++incoh
Q2
×dσ(a
′ + b→ l+l− + b)
dM2dtˆ
, (30)
where the cross sections of subprocesses a′+b→ l+l−+b
are discussed in Eq. (19), and the Mandelstam variables
for res.pho are the same as Eq. (22) but for Q2 = 0.
C. The Q2 distribution of Large pT real photon
production
The invariant cross sections of large pT real photons
can be derived from the invariant cross sections of large
pT dileptons produced by photoproduction processes if
the invariant mass of dileptons is zero (M2 = 0). The
invariant cross section of large pT real photons produced
by coh.dir with Q2 distribution satisfy the following form
dσcoh.dir(p+ p→ p+ γ +X)
dQ2
= 2
∑
b
∫
dydxbdtˆfb/p(xb, µ
2
b)
dσ(p + b→ p+ γ + b)
dQ2dydtˆ
,
(31)
where the cross section of subprocess p+ b→ p+ γ+ b is
similar to Eq. (11), but the transverse and longitudinal
cross sections of subprocesses γ∗ + b → γ + b should be
presented as the following forms
dσˆT
dtˆ
(γ∗ + b→ γ + b)
=
4piα2e4bz
2
Q4
[− tˆ
sˆ
− sˆ
tˆ
+ 2Q2
uˆ
sˆtˆ
]
+
8piα2e4bz
2
Q2
uˆ
(sˆ+Q2)2
, (32)
and
dσˆL
dtˆ
(γ∗ + b→ γ + b) = 8piα
2e4bz
2
Q2
uˆ
(sˆ+Q2)2
, (33)
where the Mandelstam variables are sˆ = M2/zq +
p2T /(zq − z2q ), tˆ = (zq − 1)yxbsNN , and uˆ = −zqyxbsNN .
The invariant cross section of large pT real photons
produced by incoh.dir with Q2 distribution can be ex-
pressed as
dσincoh.dir(p+ p→ XA + γ +X)
dQ2
= 2
∑
a,b
∫
dydxadxbdtˆfa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
×dσ(a+ b→ a+ γ + b)
dQ2dydtˆ
, (34)
here we have sˆ = M2/zq + p
2
T /(zq − z2q), tˆ = (zq −
1)yxaxbsNN , and uˆ = −zqyxaxbsNN . The partonic cross
sections of a+ b→ a+γ+ b are analogous with Eq. (16).
In the case of coh.res, the invariant cross section for
large pT real photons with Q
2 distribution has the form
dσcoh.res.(p+ p→ p+ γ +X)
dQ2
= 2
∑
b
∑
a′
∫
dydxbdza′dtˆfb/p(xb, µ
2
b)fγ(za′ , µ
2
γ)
× α
2pi
yρ++coh
Q2
dσ(a′ + b→ γ + b)
dtˆ
, (35)
the cross sections of subprocesses a′+b→ γ+b are given
by [26]
dσˆ
dtˆ
(qq¯ → γγ) = 2
3
piα2e4q
sˆ2γ
(
tˆγ
uˆγ
+
uˆγ
tˆγ
),
dσˆ
dtˆ
(qq¯ → γg) = 8
9
piααse
2
q
sˆ2γ
(
tˆγ
uˆγ
+
uˆγ
tˆγ
),
dσˆ
dtˆ
(qg → γq) = 1
3
piααse
2
q
sˆ2γ
(− tˆγ
sˆγ
− sˆγ
tˆγ
), (36)
where the Mandelstam variables for the subprocesses of
res.pho can be written as sˆγ = M
2/z′q + p
2
T /(z
′
q − z′2q ),
tˆγ = (z
′
q − 1)sˆγ , and uˆγ = −z′qsˆγ .
For the case of incoh.res, the invariant cross section of
large pT real photons with Q
2 distribution can be written
as
dσincoh.res.(p+ p→ XA + γ +X)
dQ2
= 2
∑
a,b
∑
a′
∫
dydxadxbdza′dtˆfa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
×fγ(za′ , µ2γ)e2a
α
2pi
yρ++incoh
Q2
dσ(a′ + b→ γ + b)
dtˆ
, (37)
where the cross sections of subprocesses a′ + b → γ + b
are the same as Eq. (36).
7D. The pT distribution of large pT real photon
production
The invariant cross section of large pT real photons
produced by coh.dir with pT distribution reads:
E
dσcoh.diryrc (p+ p→ p+ γ +X)
d3p
=
2
pi
∑
b
∫
dQ2dyfb/p(xb, µ
2
b)
sˆ
ysNNpT
(
√
sˆ+
Q2√
sˆ
)
×dσ(p+ b→ p+ γ + b)
dQ2dydtˆ
, (38)
the cross sections dσ(p + b → p + γ + b)/(dQ2dydtˆ) are
discussed in Eq. (11) . And for the case of incoh.dir, the
invariant cross section of large pT real photons with pT
distribution is:
E
dσincoh.diryrc (p+ p→ XA + γ +X)
d3p
=
2
pi
∑
a,b
∫
dQ2dydxafa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
× sˆ
yxasNNpT
(
√
sˆ+
Q2√
sˆ
)
dσ(a+ b→ a+ γ + b)
dQ2dydtˆ
,
(39)
the cross sections dσ(a + b → a + γ + b)/(dQ2dydtˆ) are
discussed in Eq. (16). The Mandelstam variables for
dir.pho are the same as Eq. (22) but for M2 = 0.
The invariant cross section of large pT real photons
produced by coh.res with pT distribution can be written
as:
E
dσcoh.res.yrc (p+ p→ p+ γ +X)
d3p
=
2
pi
∑
b
∑
a′
∫
dQ2dydxbfb/p(xb, µ
2
b)fγ(za′ , µ
2
γ)
× sˆ
3
2
γ
yxbsNNpT
α
2pi
yρ++coh
Q2
dσ(a′ + b→ γ + b)
dtˆ
, (40)
the invariant cross section of large pT real photons pro-
duced by incoh.res with pT distribution is given by:
E
dσincoh.res.yrc (p+ p→ XA + γ +X)
d3p
=
2
pi
∑
a,b
∑
a′
∫
dQ2dydxadxbfa/p(xa, µ
2
a)fb/p(xb, µ
2
b)
×fγ(za′ , µ2γ)
sˆ
3
2
γ
yxaxbsNNpT
e2a
α
2pi
yρ++incoh
Q2
×dσ(a
′ + b→ γ + b)
dtˆ
, (41)
the cross sections of subprocesses a′ + b → γ + b are
the same as Eq. (36), and the Mandelstam variables for
res.pho are the same as Eq. (22), but for Q2 = 0 and
M2 = 0.
E. The equivalent photons approximation
The idea of EPA approach is treating the field of a
fast charged particle as a flux of photons. An essential
advantage of EPA is that, when using it, it is sufficient
to know the photo-absorption cross section on the mass
shell only. Details of its off mass shell behavior are not
essential. Thus, the EPA approach, as a useful technique,
has been widely used to obtain the various cross sections
for charged particles in relativistic heavy ion collisions
[17]. Unfortunately, the accuracy of EPA and its appli-
cability range are often neglected [10–13]. The choice of
Q2max ∼ sˆ or ∞ is used instead of the significant dynam-
ical cut off Λ2γ which represents the precision of the EPA
approach. However, the exact treatment developed above
can be returned to EPA approach by taking Q2 → 0, and
the detailed discussion can be found in Ref. [17]. This
provides us the powerful comparisons between our results
and the ones in the literatures [11, 12]. Taking Q2 → 0
is corresponding to that the photon is emitted parallelly
from proton or quark, and the variable y becomes the
usual momentum fraction (y = q+/P+A for coh.pho and
y = q+/p+a for incoh.pho) in the light-front formalism.
Since the collinear factorization framework is used for the
parton distribution functions, xa and xb are also equal to
p+a /P
+
A and p
+
b /P
+
B , respectively.
The cross section of subprocess p + b → p + l+l− + b
with EPA form reads:
dσcoh.pho
dydQ2dtˆ
= (
α
2pi
yρ++coh
Q2
)
dσ
dtˆ
=
α
2pi
F 21 (Q
2)
Q2
[
1 + (1 − y)2
y
− y 2m
2
p
Q2
]
dσ
dtˆ
=
dfγ pcoh (y)
dQ2
dσ
dtˆ
, (42)
where fγ pcoh (y) is the coherent photon flux which is
associated with the whole proton [28]. It should be noted
that, since σT and σL are multiplied by the factor Q
−2,
σL and the terms which are proportional to Q
2 in σT can
also provide the non-zero contributions when Q2 → 0,
but they are neglected in EPA approach. Actually, the
errors from these omissions are so small, and can not
cause any noticeable effects.
Another approximate analytic form of the coherent
photon flux is developed by Drees and Zeppenfeld (DZ)
[19] , which is widely used in the literatures [12–14, 35].
By setting Q2max → ∞, and neglecting the m2p term in
ρ++coh, they obtained
fγ pcoh (y) =
α
2pi
1 + (1 − y)2
y
[lnA
−11
6
+
3
A
− 3
2A2
+
1
3A2
], (43)
where A = (1 + 0.71 GeV2/Q2min).
For the case of incoh.pho, the cross section of subpro-
8cess a+ b→ a+ l+l− + b with EPA form reads:
dσincoh.pho
dydQ2dtˆ
= (e2a
α
2pi
yρ++incoh
Q2
)
dσ
dtˆ
= e2a
α
2pi
1− F 21 (Q2)
Q2
1 + (1− y)2
y
dσ
dtˆ
=
dfγ pincoh (y)
dQ2
dσ
dtˆ
, (44)
where fγ pincoh (y) is the incoherent photon flux.
Another form of Eq. (44) , which neglects the F 21 (Q
2)
term and takes Q2min = 1 GeV
2, is
fγ pincoh (y) = e
2
a
α
2pi
1 + (1− y)2
y
ln
Q2max
Q2min
. (45)
III. NUMERICAL RESULTS
The several theoretical inputs and the bounds of in-
volved variables need to be provided. The mass range of
dileptons is chosen as 200 MeV < M < 750 MeV, the
mass of proton is mp = 0.938 GeV [36]. Since the large
pT photoproduction processes are considered (the con-
tribution are mainly from the transverse direction) , the
rapidity is set to be yr = 0 (θc ∼ pi/2) according to Ref.
[11].
For the Q2 distribution, the bounds of integration vari-
ables for coh.dir are given by
tˆmin = (zq min − 1)yxbsNN ,
tˆmax = (zq max − 1)yxbsNN ,
xb min =
sˆmin +Q
2
ysNN
, xb max = 1,
ymin =
sˆmin +Q
2
sNN
,
ymax =
1
2m2p
√
4m2pQ
2 +Q4 +
2m2p − sNN
2m2psNN
Q2,(46)
where sˆmin = (MT min + pT min)
2, p2T = tˆ(sˆuˆ +
Q2M2)/(sˆ + Q2)2 is the square of the transverse mo-
mentum for dileptons and
zq min =
M2 + sˆ
2sˆ
−
√
(sˆ−M2)2 − 4p2T minsˆ
2sˆ
zq max =
M2 + sˆ
2sˆ
+
√
(sˆ−M2)2 − 4p2T minsˆ
2sˆ
.(47)
The bounds of variables for the incoh.dir are same as
Eq. (46), but for tˆmin = (zq min − 1)yxaxbsNN , tˆmax =
(zq max − 1)yxaxbsNN , xb min = (sˆmin + Q2)/yxasNN ,
xa min = (sˆmin +Q
2)/ysNN and xa max = 1.
In the coh.res, the bounds of variables are
tˆγ min = (z
′
q min − 1)zayxbsNN ,
tˆγ max = (z
′
q max − 1)zayxbsNN ,
za min =
sˆγ min
yxbsNN
, za max = 1,
xb min =
sˆγ min
za maxysNN
, xb max = 1,
ymin =
sˆγ min
za maxsNN
, (48)
ymax is same as Eq. (46), where sˆγ min = (MT min +
pT min)
2, p2T = tˆuˆ/sˆ and
z′q min =
M2 + sˆγ
2sˆγ
−
√
(sˆγ −M2)2 − 4p2T minsˆγ
2sˆγ
z′q max =
M2 + sˆγ
2sˆγ
+
√
(sˆγ −M2)2 − 4p2T minsˆγ
2sˆγ
.
(49)
The bounds of variables for the incoh.res are same as
Eq. (48) but for tˆγ min = (z
′
q min − 1)zayxaxbsNN ,
tˆγ max = (z
′
q max − 1)zayxaxbsNN , za min =
sˆγ min/(yxaxbsNN ), xb min = sˆγ min/(za maxyxasNN ),
xa min = sˆγ min/(za maxysNN) and xa max = 1.
For the pT distribution, the bounds of xa, xb and y
are same as Q2 distribution, but for za max = 1/(1 +
Q2/(4p2T )) [37, 38], the bounds of Q
2 are Q2
min|coh.dir =
x21m
2
p/(1 − x1), x1 = sˆ/sNN , Q2min|incoh.dir = 0,
Q2min|coh.res = Q
2
min|incoh.res = 0.01 GeV
2 [39], and
Q2max = 4p
2
T is used for the exact calculations and the
EPA ones Eq. (42) and Eq. (44).
In Fig. 5 and 6, the Q2 distribution of dileptons pro-
duced by photoproduction processes in p-p collisions at
LHC energies are plotted. The contribution of exact
treatment are compared with the EPA ones. For the
case of coh.dir, the results of EPA share the same trend
with the exact one in the small Q2 region, since EPA is
obtained by setting the photon virtuality Q2 → 0 and
neglecting the longitudinal photon contributions. Con-
sidering that the coherent photon flux function with the
DZ form Eq. (43) is obtained by neglecting the m2p term,
the EPA result Eq. (42) with no m2p term is also pre-
sented for researching the Q2 dependence behaviour and
the validity of Eq. (43). It can be seen that, the EPA
result with no m2p term is greater than the result of Eq.
(42) at small Q2 domain, but they become consistent
with increasing Q2, since the m2p term is inversely pro-
portional to Q2. The exact result is in agreement with
the EPA results Eq. (42) in small Q2 region, and is less
than the EPA ones when Q2 > 10 GeV2. The case of
coh.res is similar to coh.dir, but the differences between
the exact results and the EPA ones are much more evi-
dent in large Q2 domain. Therefore, the EPA approach
is only suitable in the small Q2 domain, and can be used
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FIG. 5: (a) Comparisons of the exact results and EPA ones of dileptons produced by dir.pho for yr = 0. The solid line (black)
represents the exact results of coh.pho, the dash line (red) represents the results of EPA based on the photon flux function Eq.
(42), the dot line (blue) represents the results of EPA based on Eq. (42) but without m2p term, the dash-dot line (dark-cyan)
represents the exact results of incoh.pho, the dash-dot-dot line (magenta) represents the results of EPA based on the photon
flux function of Eq. (44). (b) The same as figure (a) but for p-p collisions at
√
sNN = 14.0 TeV. The solid line (black) coincides
with the dash line (red) in small Q2 domain. Since the contributions of incoh.pho are so small comparing with coh.pho in the
small Q2 domain, its results are not plotted in the upper figures.
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FIG. 6: Same as Fig. 5 but for res.pho.
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FIG. 7: (a) Invariant cross section of dileptons produced by dir.pho. for yr = 0 in p-p collisions at
√
sNN = 7.0 TeV. (b) Same
as (a) but for res.pho. (c) The comparisons between the photoproduction processes results with the ones of hadronic processes,
the solid line (purple) represents the exact results of photoproduction processes, the dash line (wine) represents the results of
EPA based on Eq. (42) and Eq. (44), the dot line (royal) represents the results of EPA based on Eq. (43) and Eq. (45),
the dash-dot line (orange) represents the results of hard scattering of initial partons (had.scat), the dash-dot-dot line (olive)
represents the sum of the exact results of photoproduction processes and the ones of had.scat. In Fig. 7 (a) and 7 (b), the solid
line (black) coincides with the dash line (red) in the whole pT domain.
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FIG. 8: Same as Fig. 7 but for p-p collisions at
√
sNN = 14 TeV.
as a good approximation for coh.pho, since the small Q2
domain give the main contribution which agree with the
statements of Martin and Ryskin in Ref. [29], and of
Budnev and Ginzburg in Ref. [17]. And the errors from
the omission of m2p term in Eq. (42) and the option of
Q2max ∼ sˆ or ∞ in Eq. (42) and Eq. (43) can not be
neglected.
For the case of incoh.dir, the exact result and the EPA
ones are almost same and can be neglected comparing
with coh.dir when Q2 < 0.01 GeV2, but the differences
among them are evident when Q2 > 0.1 GeV2. Besides,
the incoh.dir contribution is comparable with the coh.dir
contribution when Q2 > 0.01 GeV2, and becomes much
larger when Q2 > 0.1 GeV2. The case of incoh.res is
similar to incoh.dir, but the differences between the ex-
act results and the EPA ones are more prominent in large
Q2 domain. It should be emphasized that, if the Martin-
Ryskin method is not considered, the incoh.pho contri-
bution will always much larger than the coh.pho one in
the whole Q2 region and is divergent at very small Q2
domain (Q2 → 0). This is a unphysical result. Compar-
ing with the Martin-Ryskin method which avoid this un-
physical large value of incoh.pho naturally, the physical
interpretation is not clear in literatures [9, 11–14] which
calculated the incoh.pho contribution by using the arti-
ficial cutoff Q2 > 1 GeV2. Therefore, the EPA approach
is not a effective approximation for incoh.pho, since the
incoh.pho contribution are mainly from the large Q2 do-
main where the errors are obvious, and the results in
these works are not accurate enough.
The pT distribution of dileptons produced by photo-
production processes in p-p collisions at LHC energies
are illustrated in Fig. 7 and 8. For the case of coh.dir,
the exact result nicely agrees with EPA one Eq. (42) in
the whole pT region. However, the result of Eq. (43)
is much larger than the results of exact treatment and
Eq. (42), since Eq. (43) is obtained by neglecting the
m2p term in Eq. (42), and setting Q
2
max = ∞ which will
11
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FIG. 9: Photons produced by dir.pho. for yr = 0 in p-p collisions at
√
sNN = 7.0 TeV (a) and at
√
sNN = 14.0 TeV (b).
The solid line (black) coincides with the dash line (red) in small Q2 domain. Since the contributions of incoh.pho are so small
comparing with coh.pho in the small Q2 domain, its results are not plotted in the upper figures.
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FIG. 10: Same as Fig. 9 but for res.pho.
cause obvious errors. It can be seen that, the contribu-
tion of res.pho is about two orders of magnitude larger
than the dir.pho, thus the contribution of large pT dilep-
tons produced by photoproduction processes is mainly
from res.pho. The case of coh.res is similar to coh.dir,
the errors from Eq. (43) is also prominent. Therefore,
the choice of Q2max is crucial to the accuracy of EPA.
Eq. (42) with Q2max = 4p
2
T is a good choice for calcu-
lating coh.pho. However, choosing Q2 ∼ ∞ will cause
the large fictitious contribution from the large Q2 do-
main (it can be found in the figures which show the Q2
dependence behaviour), which agree with the statements
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FIG. 11: (a) Invariant cross section of photons produced by dir.pho for yr = 0 in p-p collisions at
√
sNN = 7.0 TeV. (b) Same
as (a) but for res.pho. (c) The comparisons between the photoproduction processes results with the ones of hadronic processes.
In Fig. 11 (a) and 11 (b), the solid line (black) coincides with the dash line (red) in the whole pT domain.
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FIG. 12: Same as Fig. 11 but for p-p collisions at
√
sNN = 14 TeV
in Ref. [17]. For the practical use of EPA, except con-
sidering the kinematically allowed Q2-change region, one
should also elucidate whether there is a dynamical cut off
Λ2γ , and estimate it. However, the definite values of the
Λ2γ for different processes are essentially different, and
still need further studies.
For the case of incoh.dir, the EPA results are greater
than the exact one in the whole pT region, but the dif-
ference between the EPA result Eq. (45) and the exact
one is much more evident, since the Q2max is set be sˆ/4
in Eq. (45), which include the errors from the large Q2
domain. The incoh.res is similar to incoh.dir, the dif-
ferences between the exact result and the EPA ones are
prominent in the whole pT region. Thus, the EPA ap-
proach can not be used in incoh.pho and the effects of the
inapplicability of EPA for incoh.pho are significant. In
Fig. 7 (c) and 8 (c), the comparisons between the photo-
production processes and the one of initial partons hard
scattering are presented. It can be seen that the correc-
tions from the exact results of photoproduction processes
to had.scat are non-negligible, especially in the large pT
domain. However, the differences between the EPA re-
sults and the exact one are evident. The EPA results
will give the large fictitious correction to the production
of dileptons and photons, especially for the EPA result
of Eq. (43) and Eq. (45). Thus the statements are
not accurate in Ref. [11, 12], in which the incoh.pho of
dileptons and photons was calculated by using the EPA
approach Eq. (45) with Q2max = sˆ/4 and Q
2
min = 1 GeV
2,
and the coh.pho was calculated by using the photon flux
function with the DZ form Eq. (43).
Fig. 9 and 10 present the Q2 distribution of real pho-
tons produced by photoproduction processes in p-p col-
lision at LHC energies. It is shown that the differences
among the exact result and EPA ones are more obvious in
the large Q2 region. The pT distribution of real photons
produced by photoproduction processes in p-p collision
at LHC energies can be found in Fig. 11 and Fig. 12.
The results are similar to the case of dileptons in Fig. 7
and 8, but the inapplicability of EPA for incoh.pho and
the errors from the option of Q2max ∼ ∞ and Q2max = sˆ/4
are more obvious. We also compare our results of real
photons to Ref. [11, 12], the inaccuracy of EPA is more
evident. Therefore, the EPA can be used for coh.pho
with the suitable choice of Q2max. And for incoh.pho,
EPA is not an effective treatment, since it dominates the
13
large Q2 region where the errors are obvious. Thus, the
exact treatment is needed to deal accurately with the
photoproduction of dileptons and photons.
IV. SUMMARY AND CONCLUSIONS
We have investigated the production of large pT dilep-
tons and photons induced by photoproduction processes
in p-p collisions at LHC energies, and presented the dis-
tributions of Q2 and pT . The exact treatment, which
returns to the EPA approach in the limit Q2 → 0, is
developed for calculations. The coherent and incoherent
photon emission processes are considered simultaneously
and the Martin-Ryskin method is used for avoiding the
double counting. The comparisons between the exact
results and EPA ones are presented for discussing the
applicability range of EPA and its accuracy. The numer-
ical results indicate that, the EPA approach is only a
good approximation in the small Q2 region and can be
used for coh.pho with the suitable option of Q2max. For
incoh.pho, EPA is not an effective approximation, since
the incoh.pho dominate the large Q2 region where the
errors are obvious. The photon flux function Eq. (43)
developed by Drees and Zeppenfeld and Eq. (45) with
Q2max = sˆ/4 are widely used in the literatures [9–13, 28],
and the the imprecise statements were given. Therefore,
EPA can not provide accurate enough results for the pho-
toproduction of large-pT dileptons and photons in p-p
collision, and the exact treatment should be considered.
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